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Abstract
Mg2Sn (100) surfaces were investigated using ab-initio method based on density functional theory in order to explore the surface properties.
It is found that both the eleven-layers for Mg-termination surfaces and the nine-layers for Sn-termination surfaces are all converged very well. The
effects of relaxation mainly occurred within the three outermost atomic layers for both Mg and Sn terminations during the surface relaxation.
Mg-termination surfaces are more stable than Sn-termination surfaces according to the analysis of surface energy. The density of states reveals the
metallic property of both Mg-termination and Sn-termination surfaces. Covalent bonding exists in Mg2Sn (100) surfaces according to the analysis
of partial density of states.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction
As the lightest metallic structure material, magnesium (Mg)
and its alloys are increasingly used in many engineering areas
including portable microelectronics, telecommunication, aero-
space and automobile industries due to their low density, high
specific strength, high specific stiffness and good machinability
[1,2]. Among various Mg alloys, the Mg-Sn binary system is a
typical precipitation hardening system. It is a candidate for high
strength wrought Mg alloys due to its high strength, excellent
corrosion resistance, high temperature superplastic deforma-
tion and extrusion capability at moderate temperature. In addi-
tion, the Mg2Sn phase has a melting temperature of about
1043K, which impedes dislocation slipping at high temperature
and improves the mechanical properties at the elevated tem-
perature [3–7]. Recently, the anti-fluorite Mg2X (X = Si, Ge, Sn
and Pb) compounds have attracted more and more attention
because they possess remarkably thermoelectric (TE) proper-
ties. These narrow band gap semiconducting compounds
exhibit many advantages for potential TE applications due to
the abundance of constituents, low density, non-toxicity and
environmental friendliness [8]. Moreover, such semiconducting
compounds are always used as model systems in which to study
band structures of semiconductors and to form variable semi-
conductors with a band gap adjustable with the range of
0–0.78 eV [9].
In recent decades, a large amount of studies have been per-
formed on Mg2X compounds [10–12], especially on Mg2Sn
phase. Kim et al. [13] found that the optimum mechanical
properties combination was obtained at the 3–5wt.% Sn in
Mg-xSn-5Al-1Zn alloys. The excess Sn would coarsen the
Mg2Sn phase.Wang et al. [14,15] reported that as-cast Mg-3Sn-
1Zn and Mg-3Sn-3Al alloys both exhibit strong strain harden-
ing ability and high elongation, which implies that the alloy
possesses good formability. Sasaki et al. [4,16,17] found that 1
at.% Al improved the hardening response on Mg-2.2Sn-0.5Zn
(at.%) alloy, and the addition of Zn can change the morphology
and density of the Mg2Sn phases as well as enhance the age-
hardening response. Chen et al. [18] studied the effects of Zn on
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the microstructure and mechanical properties of Mg-3Sn-1Al
alloys. They found that the grain size decreased gradually and
the amount of Mg2Sn particles increased markedly with
increasing Zn content. Le-Quoc et al. [8] studied the thin films
of thermoelectric compound Mg2Sn deposited by co-sputtering
assisted by multi-dipolar microwave plasma. It was found that
stoichiometric Mg2Sn thin films doped with about 1 at.% Ag
exhibit a high power factor at room temperature. Liu et al. [19]
reported the influences of the quantity of Mg2Sn phase on the
corrosion behavior of Mg-7Sn alloy, which showed that the
corrosion mode and corrosion rate was associated with the
quantity of Mg2Sn phases and Sn concentration of the matrix.
Urretavizcaya et al. [20] reported that the metastable hexagonal
Mg2Sn could be obtained by mechanical alloying. They found
that the metastable hexagonal structure of Mg2Sn was produced
during the process of milling and the hexagonal structure trans-
formed into the stable Mg2Sn phase at 713 K. Furthermore, the
first-principles calculation based on density functional theory
(DFT) is applied to study the properties of intermetallic com-
pounds [21–24]. Yu et al. [25] studied the high-pressure phase
transitions of Mg2Ge and Mg2Sn from first-principles calcula-
tions and found that the high pressure behaviors of Mg2Ge and
Mg2Sn are similar to Mg2Si and the isostructural alkali-metal
oxide Li2O. Defect, phase stability, temperature dependent
elastic coefficients, thermal stability, elastic properties and
ideal strength of Mg2X with anti-fluorite structure from first-
principles study were reported [26–29]. Our group [30] has also
investigated the structural, electronic and thermodynamic prop-
erties of the anti-fluorite type Mg2Sn under pressure, which
indicates that the anti-fluorite type Mg2Sn compound is
mechanically stable up to 5.0 GPa and the bulk modulus
increases with increasing pressure. However, to the best of our
knowledge, most of the researches are mainly focused on the
bulk properties of Mg2Sn phase at equilibrium state and under
high pressure.
In addition to the bulk properties, the properties of Mg2Sn
surfaces are not only basic scientific concerns, but also impor-
tant for engineering applications. For instance, the combination
between the Mg2Sn particles and the metallic matrix could be
influenced by the crystalline structure and the electronic prop-
erties of the Mg2Sn surfaces. From this perspective, it is fairly
necessary to investigate properties of Mg2Sn surfaces for the
advanced material design of Mg alloys with high performance.
In this paper, we investigated the properties of Mg2Sn (100)
surfaces based on DFT within the generalized gradient approxi-
mation (GGA), including surface relaxation, surface stability
and electronic structures. The results can provide theoretical
insights in understanding Mg2Sn (100) surfaces in order to
extend the engineering application of Mg alloys.
2. Computational details
2.1. Computational method
Cambridge Serial Total Energy Package (CASTEP), a first-
principles method based on DFT was used in this work for all
calculations [31,32]. The electron–ion interactions was
described by the ultrasoft pseudopotential [33,34]. The
generalized gradient approximation (GGA) in form of the
Perdew, Burke and Ernzefhof (PBE) was used for electron
exchange and correlation [35]. The Broyden–Fletcher–
Goldfarb–Shannon (BFGS) method was adopted to relax the
atomic coordinates during the optimization [36,37].
Pseudoatomic calculations were performed for Mg 2p63s2 and
Sn 5s25p2. The cutoff energy of plane waves was set to 450 eV
and the Brillouin zone was sampled with K-points of
8 × 8 × 8 for bulk Mg2Sn phase. For Mg2Sn (100) surfaces
calculation, the cutoff energy was selected as 380 eV and the
Brillouin zone was sampled with a 6 × 6 × 1 K-point mesh.
All atoms in bulk Mg2Sn and Mg2Sn (100) surfaces were fully
relaxed to during the optimization until the total energy
change was less than 5 × 10−6 eV/atom and maximum ionic
displacement was within 5 × 10−4Å.
2.2. Mg2Sn (100) surface models
In order to guarantee the reliability of our work, the proper-
ties of bulk Mg2Sn were calculated before the surface optimi-
zation. The anti-fluorite Mg2Sn phase with the space group
symmetry Fm-3m (No. 225) was used for calculation. The
calculated lattice parameters, elastic constants and elastic
moduli are listed in Table 1. It is found that the calculated lattice
parameters are in excellent agreement with previous reports
and the elastic constants match well with other reports [38,39].
These results show that our work is highly reliable.
After the optimization of bulk Mg2Sn, the Mg2Sn (100)
surfaces with Sn-termination and Mg-termination were inves-
tigated. Mg2Sn (100) surfaces were established by cleaving
surfaces from the optimized bulk Mg2Sn (1 × 1) supercell. Each
layer in Sn-termination and Mg-termination surfaces consists
of only one species of Mg atom or Sn atom. The surfaces model
is made up of a slab model and a vacuum region [40].
Sn-termination and Mg-termination slab models of Mg2Sn
(100) surfaces is shown in Fig. 1, respectively. Therefore,
Mg-termination (1 × 1) slabs with 7, 11, 15 layers and
Sn-termination (1 × 1) slabs with 5, 9, 13 layers were employed
for surface relaxation. In order to avoid atomic interaction
between layers, a vacuum region with the thickness of 15 Å is
included in surface models after a series of vacuum region
thickness tests. In the process of geometry optimization, all
atoms in the surface models were fully relaxed.
Table 1
The calculated lattice parameters (Å), elastic constants (GPa) and elastic
modulus (GPa) in comparison with the experimental and other theoretical
values.
a C11 C12 C44 B G E Ref.
Cal. 6.826 75.7 23.6 33.5 40.9 30.1 64.5 Present
6.825 69.8 25.9 31.1 40.5 27.4 67.1 [38]
6.694 – – – 44.7 – – [25]
6.829 68.1 25.9 28.9 40.61 25.4 62.9 [30]
Exp. 6.76 82.4 20.8 36.6 41.3 34.2 80.3 [38]
6.75 – – – 41.2 – – [39]
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3. Results and discussions
3.1. Atomic relaxations of Mg2Sn (100) surfaces
There are 2 types of Mg2Sn (100) surfaces: Mg-termination
surfaces and Sn-termination surfaces. The results of slab thick-
ness dependence of surface relaxation are listed in Table 2. The
relative change of the layer distance is defined as Δdi j− .
Δd d d di j i j− −= −( ) ×0 0 100% (1)
Here, di–j denotes the layer distance between i layer and j
layer, and d0 refers to the specific inter-planar distance of
unrelaxed surface models. Δdi j− < 0represents that the layer
distance deceases and Δdi j− > 0 means an increase of the layer
distance.
Surface reconstruction does not occur for Mg-termination
and Sn-termination surfaces during the surface relaxation.
From Table 2, it is found that the interlayer relaxations are all
small. Meanwhile, the effects of relaxation are mainly localized
within the three outermost atomic layers. The interlayer relax-
ations converged very well when the slab thickness (N) is larger
than nine layers and eleven layers for Sn-termination surfaces
and Mg-termination surfaces, respectively. The good conver-
gence indicates that the slabs with enough layers behave a
bulk-like interior. Thus, symmetric Sn-termination with 9
atomic layers and symmetric Mg-termination with 11 atomic
layers were employed in the consecutive calculations. It is
found that the outermost interlayer distance of Sn-termination
with 9 atomic layers and that of Mg-termination with 11 atomic
layers are equally increased by 1.641%. However, as for the
second and third interlayers, the distance increments of
Sn-termination are all larger than that of Mg-termination
(1.814% > 1.705% for the second interlayer, 1.729% > 1.652%
for the third interlayer, respectively), which implies that
Mg-termination surfaces are likely more stable than
Sn-termination surfaces.
3.2. Surface stability of Mg2Sn (100) surfaces
The stability of surfaces could be determined by surface
energy. The lower the surface energy is, the more stable the
surface is. For the purpose of obtaining the surface energies of
both Sn-termination and Mg-termination surfaces, the chemical
potentials of Mg atom and Sn atom are used for calculations.
The surface energy of Mg2Sn (100) surfaces, σ Mg Sn2 100( ), is
defined as follows [41–43]:







E N N PV TS2 100
1
2( )
= − − + −( ) (2)
where Asurface refers to the surface area, Eslab denotes the total
energy of a optimized Sn-termination or Mg-termination
surface. NMg and NSn represents Mg atom number and Sn atom
number in the surface model, respectively. μMgslab and μSnslab is the
atomic chemical potentials of Mg and Sn in the slab,
respectively. Under certain pressure P and temperature T, the
PV and TS could be omitted in regard to other contributions
[44]. All calculations in our work were performed at P = 0 GPa
and T = 0 K, therefore the PV and TS terms were not taken into
consideration.
In the fully relaxed surface structure, the Mg2Sn (100) sur-
faces are in a state that is very similar to the bulk Mg2Sn.
Therefore, the chemical potential of bulk Mg2Sn, μMg Snbulk2 , can be
obtained by the following equation:
μ μ μMg Snbulk Mgslab Snslab2 2= + (3)
The definition of chemical potential of bulk Mg2Sn in ther-
modynamics, μMg Snbulk2 , is expressed by:
μ μ μMg Snbulk Mgbulk Snbulk fH2 2
0
= + − Δ (4)
where μMgbulk and μSnbulk is the single atom energy in Mg bulk and
Sn bulk, respectively. ΔH f0 refers to the formation heat of bulk
Mg2Sn at 0 K.
Integrated with equation (3), equation (2) is adapted as
follows:
σ μ μMg Sn
surface





E N N N2 2100
1
2
2( ) = − + −( ) b⎡⎣ ⎤⎦
(5)
Integrating equation (3) with equation (4), the following
equation can be acquired.
a
b
Fig. 1. Two types of slab models of the Mg2Sn (100) surfaces along c axis. (a)
Sn-termination, (b) Mg-termination. The gray ball and green ball denotes Sn
atom and Mg atom, respectively.
Table 2
The relative change of the layer distance ( Δdi j− ) as a function of different
terminations and slab thickness (N).
Thickness(N) Sn-termination Mg-termination
5 9 13 7 11 15
Δd1 2− 0.193% 1.641% 1.634% 1.714% 1.641% 1.679%
Δd2 3− 1.866% 1.814% 1.669% 1.724% 1.705% 1.694%
Δd3 4− 2.004% 1.729% 1.790% 1.690% 1.652% 1.658%
Δd4 5− 1.742% 1.695% 1.688% 1.679% 1.675%
Δd5 6− 1.743% 1.699% 1.671% 1.663%
Δd6 7− 1.676% 1.666% 1.687%
Δd7 8− 1.678% 1.669%
Δd8 9− 1.671%
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μ μ μ μMgslab Mgbulk Snbulk Snslab fH− = − +( )12 0Δ (6)
Additionally, the chemical potentials of Mg and Sn atoms in
the slab should be smaller than those in their bulk substance,
respectively. This is because the higher chemical potentials of
Mg and Sn atoms will result in the instability of the
slabs. Therefore, the relationship between μ slab and μbulk is
μ μMgslab Mgbulk≤ and μ μSnslab Snbulk≤ for Mg and Sn, respectively.




00ΔH f Mgslab Mgbulk≤ − ≤μ μ (7)
The calculated ΔH f0 is −0.2056 eV/atom, which is in excel-
lent agreement with previous reports with the range from
−0.213 to −0.278 eV/atom [45–47].
Based on equation (5), the surface energies of
Mg-termination and Sn-termination surfaces were obtained.
The results are shown in Fig. 2. It can be seen from Fig. 2, in
initial small part of Sn-rich area, the surface energy of
Mg-termination surfaces is slightly larger than that of
Sn-termination surfaces, which indicates that Sn-termination
surfaces may be slightly more stable than Mg-termination sur-
faces. However, it is obviously found that the surface energy of
Mg-termination surfaces is much smaller than that of
Sn-termination surfaces in nearly the whole area, which dem-
onstrates that Mg-termination surfaces are much more stable
than Sn-termination surfaces in nearly the whole area. This
result accords with our above conclusion in Sec. 3.1. Moreover,
the surface energy of Mg-termination surfaces presents a
declining tendency with the increasing chemical potentials
μ μMgslab Mgbulk−( ) , which implies that Mg-termination surfaces con-
tinuously become more and more stable. To the best of our
knowledge, however, there is no experimental data to compare
with our results obtained by first-principles calculation.
3.3. Electronic properties
In order to further understand the properties of Mg2Sn (100)
surfaces, band structure and density of states (DOS) were also
investigated from first-principles calculation. The band struc-
tures of Mg-termination and Sn-termination surfaces are shown
in Fig. 3. It is found that there are no band gaps in band
structures of Mg-termination and Sn-termination surfaces,
which implies that the two termination surfaces are all metallic
characterization. Meanwhile, it can be seen that the distribution
range of Mg-termination surfaces is narrower than that of
Sn-termination surfaces.
The total DOS for Mg-termination and Sn-termination sur-
faces are shown in Fig. 4. In general, the shape of total DOS for
the two terminations are similar. To be careful, it can be found
that the value of total DOS at Fermi level of Mg-termination
surfaces is larger than that of Sn-termination surfaces. More-
over, as compared with Sn-termination surfaces, the energy
area above Fermi level in total DOS of Mg-termination surfaces
shifts to the lower energy, which indicates that Mg-termination
surfaces possess a higher structural stability.
Detailed features of total DOS can be displayed by partial
density of states (PDOS). The layer-atom PDOS of
Mg-termination surfaces is shown in Fig. 5. It can be seen that
the low energy area below Fermi level is mainly composed of
Sn atoms, while the Mg atoms contribute to the high energy
area above Fermi level. Moreover, the p states of the first Mg
layer are different from those of the second and third Mg layers.
The p states of the first Sn layer is distinct from those of the
second and third Sn layers. It may be attributed to the stronger
Fig. 2. Surface energy of Mg-termination and Sn-termination surfaces as a
function of μ μMgslab Mgbulk−( ).
Fig. 3. Band structures of (a) Mg-termination surfaces, (b) Sn-termination surfaces.
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atomic interaction between the first Mg layer and the first Sn
layer than that between other layers. Additionally, it is worth
noting that the s and p states of Mg atoms and the p states of Sn
atoms appear peaks simultaneously at the range from −5 eV to
0 eV, which implies that there is an electron overlap of the s and
p states of Mg atoms and the p states of Sn atoms. The electron
overlap indicates that there is hybridization between the s and p
states of Mg atoms and the p states of Sn atoms.
The layer-atom PDOS of Sn-termination surfaces is shown
in Fig. 6. As we can see from Fig. 6, the low energy area is
mainly made up of Sn atoms below Fermi level, while the Mg
atoms contribute to the high energy area above the Fermi level.
It is obviously found that the p states of the first Sn layer from
−4 eV to 0 eV are sharper and narrower than those of the
second and third Sn layers. Furthermore, the p states of the first
Sn layer and the p states of the first Mg layer appear sharp peaks
simultaneously from −2 eV to 0 eV, indicating strong hybrid-
ization between p states of the first Sn layer and p states of the
first Mg layer. Additionally, the PDOS of Sn-termination sur-
faces shifts to high energy area, which demonstrates that
Mg-termination surfaces are more stable than Sn-termination
surfaces. It should be pointed out that the charge density is
neglected due to its little value for revealing surface electronic
structures. In this work, the surface relaxation is a fully free
process without surface reconstruction, which means no charge
transfer occurs. Therefore, it is unnecessary to present and
analyze the charge density.
4. Conclusions
In summary, surface relaxation, surface stability and elec-
tronic properties of Mg2Sn (100) surfaces were investigated
from first-principles method on the basis of DFT.
Mg-termination and Sn-termination slab models were
employed to establish the the Mg2Sn (100) surfaces. The main
conclusions were generalized as follows:
Fig. 4. Density of states (DOS) of Mg-termination surfaces and Sn-termination
surfaces. The dash green line refers to Fermi level.
Fig. 5. Layer-atom partial density of states (PDOS) of Mg-termination surfaces.
Fig. 6. Layer-atom partial density of states (PDOS) of Sn-termination surfaces.
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(1) The surface optimization indicates that both the eleven-
layers for Mg-termination surfaces and the nine-layers for
Sn-termination surfaces are all converged very well.
(2) The effects of relaxation are mainly localized within the
three outermost atomic layers forMg-termination surfaces
as well as Sn-termination surfaces. The changes between
atomic layer distances of Sn-termination surfaces are
slightly larger than those of Mg-termination surfaces.
(3) Mg-termination surfaces are more stable than
Sn-termination surfaces since the surface energy of
Mg-termination surfaces is lower than that of
Sn-termination surfaces over nearly entire area of Mg
chemical potentials μ μMgslab Mgbulk−( ).
(4) There are no band gaps in Mg-termination and
Sn-termination surfaces. Both Mg-termination and
Sn-termination surfaces are metallic characterization. It is
found that covalent bonding exists in bothMg-termination
and Sn-termination surfaces by analyzing the PDOS, and
the covalent bonding in Sn-termination surfaces is
stronger than that in Mg-termination surfaces.
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